Pervaporation, which is a non-pressure driven membrane process, was evaluated to determine its viability for desalinating high-salinity source waters like those originating from oil and natural gas development (produced water). Two types of membrane material chemistries were studied in order to identify the optimal properties for maximizing the permeate flux under a given set of operating conditions. Permeate flux was determined to be a significant function of membrane thickness and the diffusion coefficient of water through the membrane. The diffusion coefficient is in turn a function of the membrane's affinity for water (hydrophilicity) and its fractional free volume space. however, co-ions were able to penetrate into the membrane material matrix over time.
INTRODUCTION
Rapid development of domestic oil and natural gas resources has made possible a future in which the United States is energy independent (International Energy Agency ). There are a number of environmental challenges that are associated with energy development such as groundwater contamination from hydraulic fracturing (Kharak et al. ) , air pollution through flaring of waste gas (McKenzie et al. ) , and disposal or reuse of produced waters (Beckman et al. ) . Developing economical and sustainable technologies for managing the large volumes of water that are co-generated with oil and natural gas is perhaps the most perplexing of these challenges. This is due to the high total dissolved solids (TDS) concentrations that characterize many of these waters (Benko & Drewes ) , which makes them difficult to treat using conventional desalination processes like reverse osmosis (RO).
The TDS concentration in conventional produced waters can be in excess of 50,000 mg L -1 ( and PV are particularly attractive for desalinating high-salinity brines as they do not have to overcome the osmotic pressure of the feed solution nor must they rely on the creation of a suitably high osmotic gradient across the membrane to achieve a reasonable flux. Additionally, nonpressure driven processes are touted as being more resistant to certain types of fouling relative to pressure driven ones (Lee et al. ) .
Pervaporation involves the permeation of a solvent across a semi-permeable and nonporous membrane by solution-diffusion, followed by its evaporation into a vapor phase (Mondal et al. ) . Specific components in a mixed solution are rejected by the membrane as a result of their lower affinity with and/or diffusivity through the membrane relative to another solvent as described in the solutiondiffusion model for mass transport across nonporous membranes (Shao & Huang ) . For desalination applications the membrane has a high affinity for water (i.e. hydrophilic).
Thus, water permeates through the membrane by the solution-diffusion mechanism, while salts are rejected.
Mass transport is driven by a vapor pressure gradient (ΔVP) that exists between the feed and permeate streams.
A low absolute pressure is maintained on the permeate side of the membrane in order to maintain a high ΔVP (Shao & Huang ) . This is achieved using a dry and cold sweeping gas or by applying a vacuum. Pervaporation has been used in the separation of organic solutions, particularly dehydration of organic solvents, removal of dilute organic compounds from aqueous streams and organic- Ju et al. () , it was observed that as the permeability of a membrane increased (due to greater amounts of free volume space in a membrane or differences in membrane structure), the ability of the membrane to selectively transport water over salts decreased (i.e. the rejection capabilities decreased). It is also possible that the salt molecules could fit within the microcavities or free-volume space within the polymer material of the membrane and then travel through the membrane material by means of diffusion.
The purpose of this work was to characterize the performance of two different types of polymeric membrane materials in pervaporation desalination applications in order to determine their feasibility for treating produced waters. Our efforts were focused on high-salinity solutions that were representative of conventional produced waters.
Using established pervaporation performance models, we elucidated the fundamental properties of each material that affected the water flux in pervaporation. Performance and modeling results were then used to identify the ideal membrane properties for desalinating high-salinity source waters in an effort to guide future membrane development.
METHODS
Water uptake by membranes (swelling analysis)
The swelling analysis was one method that was used to Images of each sample were taken using two different detec- 
Test solutions
Membrane performance tests were carried out using simple electrolyte (sodium chloride, purity ¼ 99%) solutions of varying concentrations. These solutions were prepared using reagent grade sodium chloride, which was added to DDW to achieve a desired concentration.
Salt concentrations were selected to represent those found in conventional produced waters, which are typi-
Tests were performed using sodium chloride concentrations that ranged from 0 to 100 g L -1 NaCl. All test solutions were unbuffered and thus solution pH was equal to pH 5.5 ± 0.5, unless noted otherwise.
Membranes
Two different types of membrane materials were studied:
Membrane A was a nonporous membrane having a symmetric structure. Membrane A was constructed of a thermoplastic block copolymer of the polyester family 
Dead end filtration apparatus
The specific flux of the flat-sheet pervaporation membranes was evaluated using a dead end filtration apparatus. Membrane samples were soaked in DDW for at least 24 h prior to being used in the experiments. Membrane samples were placed in the dead end filtration cell (HP4750, Sterlitech, Kent, WA) and supported using a stainless steel porous plate. Pressure was applied to the feed solution using compressed nitrogen. Flux was measured at the following pressure values: 68, 172, 345, 689, 1,034, and 1,379 kPa.
The specific flux was calculated as the slope of a linear fit to the data (flux as a function of pressure) using regression analysis. Pressure and the water flux through the membrane were recorded as a function of time using a data acquisition program that was designed using LabView 2012. Flux was determined by measuring the change in permeate mass over time using a mass balance that was connected to a computer, the density of water at a given temperature (T ¼ 23 ± 2 W C), and the known active area of the membrane sample (14.6 cm 2 ).
Cross flow pervaporation test unit
A schematic of the cross flow pervaporation test unit used for assessing membrane performance is given in Figure 2 .
Prior to each test, membrane samples were cut and hydrated The reason for the decreased water uptake by polymers due to the decreased activity of the solution is not yet well understood, but one explanation is that the solvent uptake of a cross-linked polymer is determined by a balance between the internal osmotic pressure of the pore liquid and the elastic Permeate fluxes for Membrane B were much higher than that measured for Membrane A regardless of the ΔVP and/or increased 400% over the studied range of ΔVP (Figure 3(b) ).
The average specific flux for Membrane A was determined using the sweeping gas configuration across all thickness values and was 1.04 × 10 -6 m 3 m -2 day -1 Pa -1 . , which was of the same magnitude as that measured for Membrane A 20 μm .
The specific flux of each membrane was determined using the sweeping gas operation scheme and was roughly three orders of magnitude greater than that determined using the dead end filtration approach for Membrane A. A one order of magnitude difference also existed in the specific flux values for Membrane B. In both cases the measured specific flux was higher when determined using the sweeping gas approach. This difference may be attributed to compression of the membrane materials during testing with the dead end configuration; however, both membranes were compressed prior to carrying out the experiments. Another possibility is that the fundamental mechanisms that drive water transport through the membrane change when the driving force (hydraulic pressure vs. ΔVP) for the process changes. Results from the sweeping gas experiments were used to elucidate the different variables that are used to calculate the flux in pervaporation applications (Equation (1)) Table 1 .
The theoretical permeate fluxes for Membranes A and B, which were calculated using the associated variables given in Table 1 Differences in the theoretical and measured data may be attributed to any number of incorrect assumptions that were made when using Equation (1) ( Table 1) However, the chloride concentration did appear to increase to a greater extent near the feed side of both membranes.
Because the EDS measurement does not provide an actual concentration value, we can only determine if the amount of an element is more prevelent in the sample. The substantial increase, reported in terms of a percent increase, in sodium and chloride concentrations in the two types of membranes is due to the fact that neither virgin material contained measurable amounts of these elements. So the increase in the relative amount of a given element should not be viewed in terms of large amounts of salts entering the membrane. Keeping in mind that Membrane A 20 μm and Membrane B were characterized by a net negative charge under these test conditions, the ability of a given ion to penetrate into the membrane material matrix would appear to be governed at least in part by electrostatic interactions. Therefore, co-ions would pass through the membranes more readily than counter ions. In this case, the anion appeared to enter both membranes more readily than did the cation. Note that steric interactions may also play a role as the chloride has a smaller radius of hydration relative to the sodium cation. (Bottom) Relative increase in the concentrations of sodium (Na) and chloride (Cl) throughout the depth of Membrane A20 μm relative to the measured concentration in the virgin membrane sample. 
CONCLUSIONS

